In this report we present the results of laboratory measurements carried out to explore the electrical properties of gabbroic and troctolitic samples from Integrated Ocean Drilling Program (IODP) Hole U1309D in the Atlantis Massif, an oceanic core complex located at 30°N on the Mid-Atlantic Ridge. Oceanic core complexes are presumably localized in portions of heterogeneous oceanic crust that are relatively rich in igneous rocks and are the locus of significant hydrothermal activity. Electrical properties of igneous rocks are used to discuss the rocks' porosity structure as a function of mineralogy, alteration processes, and deformation. Electrical properties of the gabbroic suites sampled during IODP Expedition 304/305 can contribute to the understanding of these processes in the Atlantis Massif. We present the full suite of electrical data together with density and porosity measurements on the same suite of samples.
Introduction
One of the main objectives of Integrated Ocean Drilling Program (IODP) Expedition 304/305 was to drill a deep hole inside the Atlantis Massif, an oceanic core complex located at 30°N in the inside corner of the intersection of the Mid-Atlantic Ridge with the Atlantis Fracture Zone (see the "Expedition 304/305 summary" chapter). IODP Hole U1309D was drilled to 1415.5 meters below seafloor (mbsf); it is the second deepest hole in slow-spread crust after Ocean Drilling Program (ODP) Hole 735B on the Southwest Indian Ridge (Dick et al., 2000) . In this report we present a series of laboratory measurements carried out at Géosciences Montpellier (France) to quantify the electrical properties of the oceanic crustal rocks recovered from Hole U1309D. Our knowledge of the in situ structure of oceanic crust is partly based on geophysical investigations, including downhole measurements (e.g., Goldberg, 1997) . The analysis of marine geophysical data requires a complete understanding of the intrinsic physical properties of investigated crustal sections. Electrical measurements are used to evaluate the porosity structure of low-porosity igneous rocks (e.g., Pezard, 1990) and are presented in this report together with density and porosity measurements. This work follows the study of electrical properties of gabbroic rocks sampled in Hole 735B at the Data report: electrical properties of gabbroic and troctolitic rocks from IODP Hole U1309D, Atlantis Massif
Geological setting
Hole U1309D is almost exclusively composed of gabbroic and troctolitic rocks, with the exception of a few tens of centimeters of mantle peridotites in the upper 225 m (see the "Site U1309" chapter; Ildefonse et al., 2006) . In comparison with gabbroic sections previously recovered by drilling in oceanic crust (Robinson, Von Herzen, et al., 1989; Gillis, Mével, Allan, et al., 1993; Cannat, Karson, Miller, et al., 1995; Dick, Natland, Miller, et al., 1999; Pettigrew, Casey, Miller, et al., 1999; Kelemen, Kikawa, Miller, et al., 2004) , the core recovered from Hole U1309D comprises a larger proportion of olivinerich lithologies. On the basis of their modal abundance in olivine, plagioclase, clinopyroxene, and FeTi oxide, gabbroic rocks were grouped after shipboard descriptions (see the "Site U1309" chapter) into olivine-rich troctolite (5.4% of recovered rocks), troctolite (2.7%), olivine to troctolitic gabbro (28%), gabbro (56%), and oxide gabbro (7%). Olivine-rich troctolites have more than ~70% olivine as subhedral or rounded grains included in interstitial to poikilitic plagioclase and clinopyroxene. Their modal compositions vary at a scale of a few centimeters to a few decimeters, locally grading to dunite, wehrlite, or olivine gabbro. Olivine gabbro (>5% olivine) and gabbro display seriated textures and are characterized by significant variations in grain size and modal composition on a decimeter scale. Olivine gabbro locally grades to troctolitic gabbro and troctolite. Gabbro is generally intrusive into troctolite and olivine gabbro, with either sharp or locally more diffuse contacts. Thin section observation reveals the occurrence of significant amounts of orthopyroxene in gabbros below 600 mbsf. Oxide gabbros (>2% modal Fe-Ti oxides) occur as disseminated patches, dikelets crosscutting other lithologies, or, less often, associated with ductile deformation zones (see the "Site U1309" chapter). Late-stage dikes of coarse-grained gabbro and microgabbro commonly intrude troctolite units. The core is variably altered at conditions ranging from granulite to zeolite facies. Overall, alteration tends to decrease downhole, and olivine-rich troctolite intervals between 1090 and 1230 mbsf are locally exceptionally fresh. Magmatic deformation associated with the emplacement of the Hole U1309D gabbroic intrusive suite is weak and affects only 22% of the recovered core. High-temperature (amphibolite facies) deformation is rare, and high-strain ductile shear zones represent <3% of the recovered core.
Hole U1309D is the last of 16 holes drilled in four different oceanic core complexes in the Atlantic and Indian Oceans (ODP Legs 118, 153, 176, 179, and 209 and Expedition 304/305) , all of which recovered only gabbroic sections. This common geological feature in boreholes, contrasting with the more variable seafloor geology in the same areas, including serpentinites, was the basis for a revised model of oceanic core complex development, in which the core is dominantly composed of gabbro intrusion(s) surrounded by faults preferentially localized in serpentinized peridotites (Ildefonse et al., 2007) . The detachment fault that caps the Atlantis Massif and other oceanic core complexes is the locus of abundant hydrothermal fluid circulation (McCaig et al., 2007) . Characterizing the electrical properties of the gabbroic series recovered from Hole U1309D sheds light on the porosity structure, which is an important parameter, together with alteration petrology, for assessing the structure and dynamics of a hydrothermal system.
Background and methods
Electrical properties of porous media are sensitive to fluid content and to alteration and can thus be used to detect conductive features in a resistive matrix (e.g., Walsh and Brace, 1984; Pezard and Luthi, 1988) . Modes of electrical conduction are identified in the laboratory from resistivity measurements at various saturating fluid salinities and provide information on the porosity structure and degree of alteration. The method was initially proposed for sandstones and clays (Waxman and Smits, 1968; Revil and Glover, 1998) but has been successfully applied to various low-porosity igneous rocks such as basalts (e.g., Pezard, 1990; Einaudi et al., 2000) , gabbros (Pezard et al., 1991; Ildefonse and Pezard, 2001 ), peridotites (Ildefonse et al., 1999) , and granites (Pape et al., 1985; Pezard et al., 1999; Belghoul, 2007) .
In porous media composed of a matrix considered as infinitely resistive and a connected pore space saturated with a conductive electrolyte, two main mechanisms are responsible for electrical conduction: (1) an electrolytic conduction mechanism in pore volumes and (2) a surface conduction mechanism at the interface between the electrolyte and minerals. Electrolytic conduction is related to the nature and salinity of the saturating fluid; surface conduction is related to the presence of charges along pore surfaces, which is related at the first order to alteration (e.g., Revil and Glover, 1998) . The measured electrical conductivity can be written as follows (Waxman and Smits, 1968) :
where C 0 = total conductivity of the pore space, C W = conductivity of water (saturating fluid), F = electrical formation factor, and C S = surface conductivity.
C S is related to claylike silicates, hence to alteration through the cation exchange capacity (Waxman and Smits, 1968) . This model works well at high salinity; however, it tends to overestimate C S at low salinity. Alternatively, we can use the nonempirical statistical approach proposed by Revil and Glover (1998) based on the microgeometry of the porous space. The conductivity of the sample is then given by a complex model that has two simpler forms at high and low salinities (see equations in Revil and Glover, 1998; Ildefonse and Pezard, 2001 ).
To characterize their electrolytic and surface conduction components, each sample (minicore) was analyzed by measuring electrical resistivity at 1 kHz and variable saturating fluid salinity (six series of measurements, from 0.06 to 60 g/L) ( Fig. F1 ; Tables T1,  T2 ). Measurements were taken with two electrodes; the polarizing effect at the electrode/sample interface was reduced by using paper filter to separate the electrodes from the sample (see Pezard, 1990 , for a detailed description of the experimental protocol).
The contribution of surface conduction to the total measured electrical conductivity can be estimated by using β (Ildefonse and Pezard, 2001) :
where C W is 5000 mS/m (for seawater at 24°C).
The intrinsic F and the surface conductivity are extracted from the high-and low-salinity parts of the curves, respectively, using both the Waxman and Smits (1968) and Revil and Glover (1998) 
models.
F depends only on the microstructural characteristics of the rock and is classically considered to characterize the three-dimensional topology of the pore space (e.g., Guéguen and Palciauskas, 1992 ). An empirical relationship between F and porosity (φ) was proposed by Archie (1942) with:
In the oil industry the exponent m is called the "cementation index." The exponent m typically varies from ~1.5 to 2.5 in crystalline rocks (e.g., Guéguen and Palciauskas, 1992) .
The relation between F and φ can also be expressed in terms of degree of connectivity of the inner pore space, characterized by electrical the tortuosity (τ) (Walsh and Brace, 1984; Pezard, 1990; Pezard et al., 1991; Guéguen and Palciauskas, 1992) :
Whereas m describes the nonuniformity of the section of the conductive channels, τ relates to the complexity of the path followed by the electrical current (e.g., Guéguen and Palciauskas, 1992) or, in a more general sense, the efficiency of electrical flow processes (Clennell, 1997) . In igneous low-porosity rocks, the average electrical tortuosity is generally on the order of 10 (e.g., Pezard et al., 1991; Ildefonse and Pezard, 2001 ).
Density and porosity were measured using the classic triple weighing method, with an OHAUS precision scale (10 -4 g accuracy). Samples were first weighed after being dried in an oven at ~50°C and resaturated for "wet" weight measurements in air and immersed.
Bulk density (ρ b ) and grain density (ρ g ) are given by:
where M dry = dry sample mass, M sat = saturated sample mass, M imm = the mass of the immersed saturated sample, and ρ water = 1.02 g/cm 3 for a 30 g/L salinity at 0.1 MPa and 20°-25°C.
The closed, unconnected porosity is supposed to be negligible; the connected porosity (in percent) is:
Results
Measurements were obtained from 109 samples (Tables T1, T2, T3; Plate P1) taken from the entire core in Hole U1309D, which include 7 oxide gabbros (oxide content > 2%), 72 gabbros and olivine gabbros, 14 troctolitic gabbros and troctolites, and 16 olivinerich troctolites (olivine > ~70%). See the "Site U1309" chapter for further descriptions of the lithologies recovered from Hole U1309D.
Data quality is variable and was visually assessed on a case by case basis using an empirical scale for fit quality (from 1 = good to 3 = bad) ( Fig. F1 ; Table T3 ). In 25 cases, the lowest salinity point tends to be low enough that it causes a deflection of the Revil and Glover (1998) model fit curve toward lower C S values (Fig. F1C) . This behavior was observed by Revil et al. (2002) in volcaniclastic material and was ascribed to the presence of zeolite in the samples. It is observed together with unusually high surface conductivities, which is also the case in our sample set. The 25 samples that show a deflection in the fit curve have high surface conductivities of >2.5 mS/m (mean = 19.7 mS/m), whereas the others have much lower surface conductivities of <2.6 mS/m (mean = 0.57 mS/m). Zeolite was described in Hole U1309D rocks (see the "Site U1309" chapter); hence, a similar behavior may be seen here. However, zeolite was only documented in the lower half of the hole, below ~700 mbsf (see the "Site U1309" chapter), whereas this electrical behavior is observed in 14 samples evenly distributed above 700 mbsf. Assessing the potential role of zeolite in the measured samples requires characterizing their alteration mineralogy, which is beyond the objective of this data report. An alternative or complementary contributor to these seemingly anomalous results could be serpentinite and/or associated minerals (e.g., brucite, talc, or magnetite), as many of these samples have a primary olivine-rich composition. We could not, however, identify a simple relationship between this peculiar electrical behavior and a compositional or textural parameter such as the amount of serpentinite (several heavily serpentinized samples do not show this behavior) or fracture density. One additional complexity to the problem of understanding this behavior is that in several cases, the low-salinity deflection of the Revil and Glover (1998) model fit curve is not observed, whereas the lowest salinity measurement clearly lies below the fit curve (e.g., Fig. F1B ). Some poor-quality measurements in the higher salinity range, for example, may prevent the model from properly fitting the whole data set. When removing these samples from the data set, the remaining samples that show the standard curve fit as shown in Figure F1A correspond to samples with lowest degrees (<10%) of serpentinization.
In 21 samples, one or two points in the series of conductivity measurements were removed from the analyses because they were several orders of magnitude out of range when compared to the other points (Fig. F1C) . In the majority of these 21 cases, the "bad" points were the lowest salinity measurements, as illustrated in Figure F1C , and we cannot exclude that these correspond to end-member versions of the zeolite-like behavior described above. Except for one oxide gabbro, these contain significant amounts of more or less altered olivine (olivine gabbro to olivine-rich troctolite).
The standard errors of F and C S obtained from the analysis detailed above are given in Table T2 and shown in downhole distributions of F and C S for both the Waxman and Smits (1968) and Revil and Glover (1998) models (Fig. F2) . In most cases, the largest errors are smaller than the small-scale trends observed in these distributions, which then must correspond to real changes in some first-order controlling parameter(s) such as porosity or alteration. Downhole distributions of electrical properties are also shown in Figure F3 , together with porosity and density and compared to the downhole distribution of lithology, variation of hand sample alteration, and borehole electrical resistivity.
As classically done in studies of electrical properties, the measurements are shown as a function of sample porosity, φ ( Figure F4 ). Correlations in gabbros (Ildefonse and Pezard, 2001; Einaudi et al., 2005) and granites (Belghoul, 2007) , such as a linear decrease of F and increases in C S , τ, and m with φ, are still present but somehow disturbed by samples that tend to have higher C S and lower F at fairly constant φ (~1%). As a result, τ and m tend to be more scattered, especially when abundant olivine/serpentine is present. Figure F5 shows the variations of φ, τ, and m as a function of the degree of fracturation (intensity of cataclastic fabric, as characterized onboard on hand samples) and the degree of serpentinization. Note that higher degrees of serpentinization do not significantly change porosity and tend to create a simpler geometry of the porous network (slightly lower τ and m). Not surprisingly, φ, τ, and m tend to increase in more fractured rocks. Figure F1 . Examples of plots of core conductivities as a function of saturating fluid conductivities (log measured conductivity [C 0 ] and log water conductivity [C W ]). Best-fit curves are calculated using Waxman and Smits (1968) (WS, orange curve) and Revil and Glover (1998) (RG, purple curve) models. A. Good fit example. B. Bad fit example (higher errors on F and C S estimates, see Fig. F2 ). C. Good fit example with deflection of RG fit curve at low salinities, pointing to lower surface conductivities. D. Example of curve in which a good fit is obtained by removing a point (in this case, lowest salinity) that is several order of magnitudes out of range compared to adjacent point. See text for further explanations. Figure F2 . Downhole distributions of electrical formation factor (F) and surface electrical conductivity (C S ) calculated using Waxman and Smits (1968) and Revil and Glover (1998) Figure F3 . Compared downhole distributions of (A) lithology, (B) hand sample alteration, (C) borehole electrical resistivity, (D) porosity (φ), (E) grain density, and (F-I) electrical properties of formation factor (F), surface conductivity (C S ), tortuosity (τ), and cementation index (m Figure F5 . Variations of (A, B) porosity (φ), (C, D) electrical tortuosity (τ), and (E, F) electrical cementation index (m) with cataclastic fabric intensity and degree of serpentinization. Cataclastic fabric intensity scale is the same as scale used during shipboard core descriptions (see the "Methods" chapter). Cataclastic fabric intensity and degree of serpentinization are those of intervals from which measured sample originated, as estimated onboard from macroscopic observation of hand samples. Electrical tortuosity (τ) and cementation index (m) are calculated from Revil and Glover (1998) 
